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Fan worms (Annelida: Sabellidae) are sessile polychaetes that spend their adult lives in tubes and project their fans, composed of radiolar tentacles, up into the water column for respiration and fi lter feeding. To protect the fan from predation, many species have evolved unique compound eyes on the radioles that function as shadow or motion detectors, eliciting a rapid withdrawal response in reaction to encroaching objects in the water column [1, 2] . The structure of the eyes, their complexity, and their arrangements on the radioles are very diverse among sabellid genera [3] and they display many characteristics atypical of polychaete eyes, such as ciliary photoreceptors [3, 4] that hyperpolarize in response to illumination [5] . Here we examine the retinal transcriptome of the radiolar eyes from the fan worm Megalomma interrupta. We fi nd that the opsin, the protein component of light sensitive visual pigments, and other phototransduction cascade signaling proteins expressed in these eyes are related to those commonly associated with vertebrate ciliary photoreceptors, as opposed to the rhabdomeric receptors found in the primary eyes of many invertebrates. With previous anatomical and physiological observations, these results suggest that the radiolar eyes arose independently in fan worms.
Members of the genus Megalomma have the largest consolidated compound radiolar eyes amongst the sabellids ( Figure 1A ,B) [3] . We used transcriptomic sequencing of M. interrupta radiolar eyes in order to identify expressed phototransduction cascade components ( Figure 1A ). Sequencing yielded a single opsin transcript from M. interrupta (see Table S1 in the Supplemental Information). We created a maximum likelihood phylogeny of metazoan opsins including the new transcript from M. interrupta ( Figures 1C and S1A ). Opsin phylogenies typically recover four major opsin clades, c-opsins, tetraopsins, xenopsins, and Gq-opsins (reviewed in [6, 7] ). The M. interrupta opsin sequence falls within the c-opsin clade within a cluster of poorly-understood basallybranching invertebrate sub-clades that [6, 7] ) and the transcripts found in the radiolar eyes of M. interrupta (blue circle) and primary eyes of Platynereis dumerilii (green circle). (D) A phylogeny of G-protein α-subunits implicated in animal visual systems. M. interrupta radiolar eyes primarily express a Gα o . The Gα clades are colored according to the opsin clade (C) that they are commonly associated with. (E) An expanded phylogeny of the Invertebrate C opsin (InvC) clade indicating included taxa and known tissue expression. Black squares, expressed; grey, ambiguous; light grey, unknown. See Figure S1 for full phylogenetic trees, and expression location references.
Current Biology 27, R681-R701, July 24, 2017 R699 and S1C). The c-opsin clade is otherwise dominated by chordate visual, neural, and extraocular opsins. The P. dumerilii InvC-opsin is expressed in simple ciliary photoreceptors in the brain of larvae for an unclear function likely restricted to luminance assessment [8] . Other InvCopsins have been localized to neuronal tissue in the brains or distributed sensory networks of honey bees, velvet worms, spiders, horseshoe crabs, and echinoderms ( Figures 1E and S1C ). This unusual example of an InvC-opsin being the main photopigment in an eye is likely a unique elaboration of fan worms. The origins and typical function of neuronallyexpressed InvC-opsins remain elusive.
We also identifi ed G-protein α-subunit transcripts from the radiolar eyes ( Figure  1D ). G-proteins convey the cellular signal from the opsin to the downstream phototransduction cascade, and certain types of G-protein α-subunits often interact with specifi c opsins [6] . For instance, c-opsins typically signal using a Gα i , such as transducin in vertebrate rods and cones, and the Gq-opsins in rhabdomeric photoreceptors, such as those in the primary eyes of P. dumerilii, have invariably been observed to signal through a Gα q ( Figures 1C,D and S1A) . We found that the dominant G-protein α-subunit transcript in M. interrupta radiolar eyes is a Gα o ( Figure 1D and Table S1 ). Though we cannot defi nitively confi rm interaction from transcriptomic sequencing alone, this Gα o is the fi rst G-protein to be implicated in signaling with an InvC-opsin. Gα o was previously only observed in the distributed visual system of scallops in conjunction with a tetraopsin expressed in the ciliary retina [9] , and in the lizard parietal eye in conjunction with a chordate nonvisual c-opsin [10] . Considering these examples of opsin-Gα o interaction in diverse phyla, it is fascinating to consider their evolutionary or functional associations.
A number of transcripts coding for further downstream ciliary phototransduction cascade components were also recovered, including those encoding G-protein β and γ subunits (Table S1 ). We note that sequencing also identifi ed a Gα i transcript from M. interrupta, but it was weakly expressed and is likely not responsible for phototransduction in the retina (Table S1) .
What factors may have resulted in the presumptive application of this unusual InvC-Gα o phototransduction cascade to the radiolar eyes of fan worms? The answer may be a combination of functionality and pragmatism. Hyperpolarizing ciliary photoreceptors make excellent shadow detectors for a sessile animal, with a decrease in light eliciting a proper depolarizing sensory response [5] . Thus, for the simple task of detecting decreases in light intensity, a c-opsin cascade could be advantageous compared to a Gq-opsin cascade that depolarizes in response to increasing light. Therefore, evolution made use of what was available, and a non-visual, neuronal InvC-opsin was apparently recruited for the radiolar eyes. We defi ne non-visual opsins as opsins not currently known to be involved in directional, motion-detecting, or spatially-resolving visual tasks. Given the number of different non-visual opsin homologues available to most bilaterian phyla [7] , it is perhaps not surprising that a need for photoreceptors on evolving radioles was most naturally served by a previously non-visual opsin. It is probable that the radiolar eyes then arose independently of other known visual systems, as the InvC-opsin-expressing photoreceptors in fan worm radioles were sequestered within pigment cups providing directionality to their light response. Such simple scattered ocelli are found in many species of fan worms [3] , and in some genera, such as Megalomma, the individual ocelli are consolidated into true compound eyes providing the potential for further visual capabilities such as motion detection or perhaps even resolving vision.
Many questions still remain regarding the evolution and function of the radiolar eyes of fan worms. However, the diverse, independent elaborations of these eyes in service to an apparently singular visually guided task make them fascinating targets to explore. Further studies into their development and neuroanatomy can provide unique insights into the evolution of complexity in visual systems, the recruitment of previously non-visual opsins or photoreceptors to new visual tasks, and the emergence of new sensory modalities and visually guided behaviors. Furthermore, we must attempt to better understand the original functions of the different opsin clades in ancestral bilaterians in order to resolve the evolutionary pathways leading to their present roles.
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